Low-Cost Reconfigurable Modular Robots: a Senior Design Project by Liu, Yanfei et al.
Indiana University – Purdue University Fort Wayne
Opus: Research & Creativity at IPFW
Student Presentations Publications and Presentations
3-2015
Low-Cost Reconfigurable Modular Robots: a
Senior Design Project
Yanfei Liu
Indiana University - Purdue University Fort Wayne
Timothy Boles
Indiana University - Purdue University Fort Wayne
Christopher Coffee
Indiana University - Purdue University Fort Wayne
Justin Galvan
Indiana University - Purdue University Fort Wayne
Steven Groff
Indiana University - Purdue University Fort Wayne
See next page for additional authors
Follow this and additional works at: http://opus.ipfw.edu/stu_pres
Part of the Engineering Commons
This Presentation is brought to you for free and open access by the Publications and Presentations at Opus: Research & Creativity at IPFW. It has been
accepted for inclusion in Student Presentations by an authorized administrator of Opus: Research & Creativity at IPFW. For more information, please
contact admin@lib.ipfw.edu.
Opus Citation
Yanfei Liu, Timothy Boles, Christopher Coffee, Justin Galvan, Steven Groff, William Westrick, Carlos Pomalaza-Ráez, and Zhuming Bi
(2015). Low-Cost Reconfigurable Modular Robots: a Senior Design Project. Presented at American Society of Engineering Education
Illinois-Indiana Section Conference, Fort Wayne, IN.
http://opus.ipfw.edu/stu_pres/14
Author(s)
Yanfei Liu, Timothy Boles, Christopher Coffee, Justin Galvan, Steven Groff, William Westrick, Carlos
Pomalaza-Ráez, and Zhuming Bi
This presentation is available at Opus: Research & Creativity at IPFW: http://opus.ipfw.edu/stu_pres/14
Low-Cost Reconfigurable Modular Robots: a Senior Design Project 
 
Yanfei Liu, Timothy Boles, Christopher Coffee, Justin Galvan, 
Steven Groff, William Westrick, Carlos Pomalaza-Ráez, and Zhuming Bi 
 
Department of Engineering 
Indiana University – Purdue University 
Fort Wayne, Indiana, USA 
 
liuy@ipfw.edu, {boletj02, coffcd01, galvjr01, grofsh0}@students.ipfw.edu,  
billwestrick@gmail.com, {raez, biz}@ipfw.edu  
 
Abstract 
 
This paper presents the design of a low-cost reconfigurable modular robotic platform. Modular 
robots can come in different forms involving several small modules attached together to form a 
working and moving robot. This robotic platform aims to be used in future robotics courses as a 
teaching tool or a prototype for research in modular robotics. The designed prototype is 
reprogrammable. The overall design consists of Base Module Design, Module Casing, Locking 
Mechanisms, Movement, Communications, Sensors, and Controller.  The designed modules can 
be interchanged easily, and be able to move in a variety of ways.  
 
1. Introduction 
 
Self-reconfiguring modular robots1 are special types of robots where their own shape can be 
changed by rearranging the connectivity of their parts, in order to perform different tasks, adjust 
to different environments. These robots can come in different forms2-5 involving several small 
modules attached together to construct a working and moving robot. To facilitate teaching and 
research in this area, a senior design project to develop such robot modules are conducted in the 
academic year of 2014 -2015. These developed modules can be used in recruit and retention, 
robotic courses, and research. The design of modular robots requires not only a mechanical flow 
between modules but also a steady electronic communication that gives modules the information 
they need in order to move in the correct manner. The system requirements are as follows; 1) It 
should be reprogrammable. Currently the modular robotic platforms on the market are typically 
not reprogrammable; 2) It should have its own rechargeable power supply so movement is not 
restricted; 3) the modules should be interchanged easily, and be able to move in a variety of ways. 
 
The theoretical design and analysis has been accomplished in the fall of 2014. The building and 
testing will be conducted in the spring of 2015. In the fall of 2014, the design has gone through 
several phases, including problem statement formation, conceptual design generation, evaluation 
of the generated conceptual designs (CDs), and the generation of a final detailed design. Each 
phase took about 2 weeks, except that the generation of the final detailed design took a month to 
finish.  
 
The remainder of this paper is organized as follows. Section 2 describes an overview of the robot 
module. Section 3 and 4 discuss the electrical and mechanical subsystems of the robot module. 
Finally, the paper is concluded in Section 5. 
 
2. System Overview 
 
At the beginning of the project the design requirements and specifications were set. Students 
then started generating conceptual designs by breaking the whole system into the following 
individual sub-systems: Motors, Locking Mechanisms, Module Casing Materials, Movement, 
Communications, Base Module Design, Sensors, and Controller.  From here, the subsystems 
were further separated into global sections and base module dependent sections.  The base 
module refers to the one or two modules that will be developed to form the robot. These base 
modules will hold at least one motor. Depending on the design chosen, this will determine the 
types of motion available. The global section includes the Module Materials, Locking 
Mechanisms, Communications, and Controller. These sections are independent of the type of 
base module and allow the individual modules to connect and communicate between each other 
in any configuration. The base module dependent section discusses the different designs that 
were created as well as the different forms of movement that could be accomplished using each 
of these designs. A flowchart of this concept generation process can be seen in Figure 1. 
 
  
Figure 1: The breakdown of the different sub-systems. 
 
From the previous phase of concept generation, five different groups were created, each having 
two to four concepts. Each concept was then ranked based on a series of attributes. Every 
attribute was given a weight based on its importance relative to the other attributes. The ranks of 
each concept were then summed and scaled based on each attribute's weight. The weighting 
matrix for each attribute can be seen in Table 1.  To determine this matrix, each attribute was 
compared to every other attribute.  If one attribute was deemed more important than another, the 
important attribute received a 9 in its column, if it was a tie then it would receive a 4, and if 
deemed less important it would then receive a 1.  The columns were then added together and 
normalized to one. The highest scoring categories were Cost, Modularity, and Movement, which 
align with the key concepts in our problem statement.   
Table 1: The weighting matrix showing how each attribute was scored and ranked.	  
	  
Three conceptual design modules were generated and shown in Figure 2-4. The final chosen 
design emphasized a combinational base module (Concept C shown in Figure 4). This concept 
rated highly on movement capabilities as well as modularity which were two of the three main 
project points set in the design problem. The design also called for a contained controller as well 
as completely wireless communication system. These concepts also rated the highest in regards 
to modularity and movement. For the locking mechanism, magnets were ranked the highest in 
simplicity, movement, and modularity. Finally, for the case material, 3D printed plastic was rated 
highest in every category except for durability.  
   
(a) Pivoting Module (b) Rotating Module (c) Caterpillar Configuration 
Figure 2. Concept A: Two separate modules 
 
 
 
 
(a) Pivoting Module (b) Rotating Module (c) Leg Configuration 
Figure 3. Concept B: Two modules with fixed motor connections 
.  
  	  
(a) Concept design (b) Inner view (c) Wheeled configuration 
Figure 4. Concept C: One combinational base module 
 
Figure 5 below shows the 3D model for the final chosen design with internal components. This 
base module contains two motors and all the electronics necessary to operate those motors as 
well as communicate to a master hub. Each module casing has magnetic connections on all sides 
so that subsequent modules can be added to create a cooperative and moving system. In order to 
get necessary module movement, two motors were needed. A servo motor is used to create a 
joint/elbow like motion while a DC motor is used to create a purely rotational motion. A 
microcontroller is used to run as well as regulate the motors along with some other electronics. 
All these elements create a single base module with two ways of motion. Figure 6 shows three 
possible configurations with different connections of these base modules. 
 
 
 
	  
 	  
Figure 5. 3D Modeling for the final chosen design 
 
   
(a) Rover (b) Worm (c) Walker 
Figure 6. Three possible configurations 
 
3. Electrical Subsystem 
 
In keeping with the idealistic modular approach with the robot, each module of the system will 
have a self-contained controller. All electronics, chips, and boards are integrated onto a single 
PCB that would then be fastened to the module casing. Figure 7 shows a high-level block 
diagram for the controller board. The main components are: Arduino Pro Mini 328 
Microcontroller, Current Sensor, Voltage Regulators, Motor Driver (DC Driver, Wireless RF 
Transceiver, and Magnetic Encoder for Micro Metal Gearmotors (connected to DC motor) 
 
Figure 7: High-level block diagram for the Controller board. 
In order to select the motors and battery, several factors were kept in mind; torque, voltage/current, and 
weight.  These motors had to be small enough to fit in the modules but strong enough to lift another 
module.  Since the voltage, current, and weight were major factors, it was decided to determine the 
battery before the motors as the battery would have the most mass and would limit the possible motors.  
Two batteries with a voltage of 7.4V, rated at 800mAh, is chosen. A DC motor and a servo motor were 
then found that were small enough to fit in the design, yet strong enough to perform the needed tasks.  
The DC motor has a torque of 2.16 kg*cm at 6 V, while the servo motor has a torque of 5.5 kg*cm at 6 V.  
Because the DC motor focuses on the rotational motion, the calculations depend on the radius of the 
object being rotated, which will be either the wheel or another module.  The amount of mass the DC 
motor is able to move for a radius of the wheel (3.81 cm) and module (5.388 cm) connected to the DC 
motor is shown in Table 2.  For the servo calculations it is assumed that the average mass that the servo 
motor has to move will be between 3-6 inches away from the axis of rotation, as each module is 3 inches 
long.  The calculations for the amount of mass the servo can move at the lower end of 7.62 cm (3 in) and 
the upper end of 15.24 cm (6 in) is also shown in Table 2. 
 
Figure 8. The final PCB (printed circuit board) design 
 
 
Table 2: The mass calculations for the DC motor and servo motor. 
 
Based on these estimations a module would need a mass of 361 grams or less for the servo to be 
able to move another module.  Table 3 shows the estimated mass of a single module. Based on 
the combined mass from Table 3, both of the motors have enough torque to lift/turn an adjacent 
module, which will greatly increase the mobility and connections made available when 
assembling modules. 
Motor Torque	  (kg*cm) Radius	  (cm) Mass	  (kg)
3.81 0.567
5.388 0.401
7.62 0.722
15.24 0.361
DC	  Motor
Servo	  Motor
2.16
5.5
Table 3: The estimated mass of a single module based on components.	  
	  
4. Mechanical Subsystem 
 
The casing and parts for 3D printing were developed and modeled in SolidWorks (Figure 9).  The overall 
dimension for the assembled module is 3in X 3in.  The casing was broken up into different sections for 
printing, these sections are; the 4-sided casing, a wall insert, a casing wheel, and plastic inserts (4 for each 
module).  The 4-sided casing will be the largest section and will be a base for all the other parts of the 
casing.  The wall insert will slide into the base and connected using screws.  The casing wheel will be 
connected on the open top of the module. It will also connect to a shaft hub that comes from the DC 
motor.  The plastic inserts will go in each wall and separate the magnets and sheet metal disks from the 
inside of the module.  The bottom of the module will not have a plastic insert as the servo motor will be 
using some of the space that the insert would take up. Figure 10 shows the exploded view of the motor 
assembly. 
 
 
Figure 9. The 3D SolidWorks Module 
 
  
(a) Exploded view of DC motor assembly and wheel. (b) Exploded view of the servo assembly and casing 
Figure 10: Exploded view of motor assembly 
 
 
5. Conclusions 
 
This paper presents the work of a senior design project to design a modular robotic prototype. 
The team was composed of four senior students in dual major of Electrical Engineering and 
Computer Engineering.  The theoretical design and analysis were carried out in the fall of 2014. 
During that semester, the whole design went through four different phases: problem statement 
formation, conceptual design generation, design evaluation, and detailed design. Currently the 
team is in the process of building and testing. The final prototype will be finished in the end of 
April 2015.   
 
 
 
References 
[1] M. Yim, W. Shen, B. Salemi, D. Rus, M. Moll, H. Lipson, E. Klavins, and G. S. Chirikjian, “Modular Self-
Reconfigurable Robot Systems: Challenges and Opportunities for the Future,” Robotics and Automation 
Magazine, vol. 14, no. 1, pp. 43–52, 2007. 
[2] John W. Romanishin, Kyle Gilpin, Daniela Rus, “M-Blocks: Momentum-Driven, Magnetic Modular 
Robots,” IEEE/RSJ International Conference on Intelligent Robots and Systems, November, 2013 
[3] Kevin C. Wolfe, Matthew S. Moses, Michael D.M. Kutzer, and Gregory S. Chirikjian, “M3Express: A 
Low-Cost Independently-Mobile Reconfigurable Modular Robot,” 2012 IEEE International Conference on 
Robotics and Automation, Minnesota, USA, May 14-18, 2012 
[4] M. Yim, S. Homans, and K. Roufas, “Climbing with snake-like robots,” in Proc. of the IFAC workshop on 
mobile robot technology, Jejudo, Kora, 2001 
[5] Houxiang Zhang, Juan Gonzalez-Gomez, Zhizhu Xie, Sheng Cheng, Jianwei Zhang: Development of a 
Low-cost Flexible Modular Robot GZ-I, Proceeding of 2008 IEEE/ASME International Conference on 
Advanced Intelligent Mechatronics, Xi'an, China, 4 - 7 June, pp.223-228, 2008. 
 
